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ment may:huve formulated, furnished, or in eny way
supplied the seid érawings, specificatioms, or other
data 1s no% to be regarded by implication or obther-
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or permisslon t¢o manufacture, use:or sell any
patented inventicn that may in any way be related
thereto.
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ABSTRACT T -
[ Contidential}

This report contains.areview of, thmv“.let communfcation sys-

tems devcloped dur:m&thc period 1920 to 1950. Souz;ces of radhuon
ascd in these syqtems were cArbon ares, loiv pressore mu‘cury,arc
lamps, m.dum lamps, and* nltrugen tilled Wbus, Recelversiwere, in
most_casss, multiplier, phototubes; however Nluorescent telescope
and -metascopes were-alsoused. Several of tfncse systemb ‘had-most
of. the radiation: coucentmted i the 25364 mercury- llne, X regio')
where the atmospheric aftenuation 4a. very -high, Others-attempted
only to limit the radiationtosthe-iavisible portion-of thé ullraviolet
spectruxn,i e., below about. 3506A. None of the systeiiis were report-
ed to have warked weli during d v]i&m opemtions.

Data.on the transmission of the atmosphere in-the uitraviolet.

reglon and on fiters, sources, and recelvers aro:included.

A communicn(ion system for directional’ or bencon operation:

during dwl!ght of nighttimeé with at, least n,lO-mile range.on an av-
ersge day 13 considered rnasible. Tho. soiirce would use a mecury-
Kenpn arg iamp-or a. nitfogen mlad tube. Iiiproved: signahto-noisv
ratio will be ohtained if the source J& pulsed. The récelver would
uge n niultiplidr;photdtube with.an lrderference type filter,

PROBLEM STATUS

This i3 a sy/vey of thepresent state of the-arl on one phase of
this problem; wouk.ig contlming anofiav phases.

AUTKORIZATION

MNRL-Probiep: NO3-38
Project SF-$06-05-01, Tagl 4520

Manuscript subraitted Gatobor 29, 1363,
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A SURVEY OF ULTRAVAOLET COMMUNICATION SYSTEMS
« Urclassified Title] '

INTRCDUCTION.

When deal!ng with problems. in the ultraviolet region, su:ch as the use of ultraviolet
tidiatien fur communication, it is conventent to have assembled in one documeni information
for making preliminary evaluations. This document attempts to provide this: function apa
contains data on atmospheric transmission, filter materials, sources, and-receivers mainly
for the middle and near uliraviole! regions.

Succaeding reports will present expertmental data obtained during various atmospheris
conditi~ns with equipment designed to improve the sigd.l-to-noise ratio of signals trans-
mitted in the ultraviolct reglon,

ATMOSPHERIC TRANSMISSION

The selection of a system can be started by examining-the at.cnuation of the atmosphere
and rullng out those wavelengiiis which are obviously mmu':f'n.iory

Energy radiated from a point seutce is diminished in two ways as it is propagated
through the atmosphere. The-ir 'radiance varies inversely as the square of the distance
from the source due to the spreading and is exponentially attenuated with-distance becaise
of absorntion and scattering. Thus

1 228e-"R

R? (1)

where 1, Is the irradiance of the scurce, R is the range, I Is the irradiance at a disiance
R, and ~ is thie attenuation coefficlent.

In order to have a complete coverage of the processes of atmospheric trans:ission one
fuioht start by examining the transmission of a-perfectly clear atmosphere. Wiih a perfectly
clear atmosphere the visual racge is not infinite because of scattering by the gas molecules
In the avmosphere. This effect is called Rayleigh scattering and can be expressed mathe-
matically by/the equatinn

32md
e (= 12

3nnd (2)

where s the attenuation coefficient, n is the number of particles per cm3 at STP, and

. is the index of refraction. A tvpical value of n is 2,568 1012 at 760 mm Hg and 16°C
(1);.. - b fos: Jdry air can be found from tables (2) and is the order of 2700 « 19=7. A plot
of Eq. (2) for wavelengths from 20004 to 9000A is shown in Fig,. 1.

Me corological visual range has been defined as

wiTIng (3)

CORFIDENTIAL 1
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Fig. 1 - Rayleigh scattering in pure
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where ¢ Is the brightness contrast as-defined-by the expression
By ~B, .
C :T B B (4}

In which B, is-tke brightness of thasbackground-and B, ig the-brighiness.of:thexobje
questics. It canbe seen from Eq. -(3) that ¢ is related to lhe visual. range by

c.-.

Cx o~Ve, (5)

A value of 0.02 has been usea by many workers z2s.a standard for-the brightness contrugt
Whuen the value 0.02 is substituted in Eq. (3) the visiility equation becomes ¥, = 3,912/

The visual range with a perfectly clear atmosphere can now be obialned {rom Eq. (3}
using the attenuation value frem Fig. 1zt a waveiength of 55004, The visual:rango 15 found
to.be 316:km or about 170 nautical nnlea over-a horizonhl path at standard atmogpheri¢
conditions, Thest calculations have heen made to show that-the fuctorsother than mojeculay
scattering limit-the ragge at all. wa\mlengths cven under idesl conditions, since ranges of
the order of 170.miles are not normal. In realatmospheres, scattering by haze-is thepre-
dominant attenvating suechanism In the vxsxble -spect m.

An Indication o actual visupl daylight ~anges reatizable with different atmospheric
conditions is given in Table 1. The code used, which i5- 1ou0hiy 7 geometric progression,
wag-for mury years the Internatienal Sc‘uu of Vis&Li dy. Columns {4) and (8} were added
fo* reference.

in order to relate the nambers in 'I‘aoie 1 10 the aitenuatfon constant, congides the vase
of 2 hazy day where-the vislollf'y i ! to 2 miles (code No. 4 or 5). The f.arrcuoc.ndmg
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attenualion constants are 19.4 x 10-%/cm to 9.8 x 10“’/cm, tauch larger than the value of
0.12% « 110~6/¢m corr esponding 4n Rayleigh scattering alere, whichwas shown above to
result i, a theoretical range-of 170 miles. Even on an exceptionally ciear day when the
visibility is 27 miles the alu.nuahon facto~ is 0.784 « 10'°/cm\'(compax ed to 0.123.» 10°% /em
for Rayleigh scautering),. so in most. caSes Rayleigh scattering is negligible compared to
pther attenuating factors.

Equation (3) is based on the Ability te-distinguish a black.shject '1g'unst uniformly
illuminated horizon sky. Tdeally- the object.shotld subtend” 1/ 2to ! degree in each dimen-
sion. Wooded ridges nrmfrequeptly used as the black object, smcevtheg have a very low
reflectance 4nd therefore appear black.

The nighttime vizibliity of lightswis determined by obsex viag the candlepower of a lamp
whi .h just dis'lppeurb or, alternately observing the distance at which & 100-c¢ andlepower
limp is visible. In efiker method 2 table is required to-correlate the night range with the
daytime visibility assuming that the atmosphere was the same. Table 2, taken from Ref, 3,
rolales the day and night visual range for the same -atniosphere.

Table 2
Comparison of Day and Night Visual Ranges

Visual Range ai Night for Lights ofx
‘Paytimo-Visibility -

i 1¢p _10% ¢p I 10% ey ; 10 cp

27yd 38 yd 53 yd 70 yd 817

55 - 69 111 1 189 174

110 1 125 204 " 269 347

220 226 811 525 689

550 451 .829 1240 1596
1100 138 '1490 1-1/3 vd 2 mi

1-1/4 mi 1140 1-1/2 mi 2-1/2 3-2/3

2-1/2 1650 %-1/2 4-2/3 1

1-1/%, 1-1/4 mi 3-3/4 1-1/2 12

6-174 1-1/3 4-3/4 10 16

12-1/2 1-1/2 -1/2 1& 30

18 1-2/% 9 24 44

31 1-3/4 11 34 87

*an ordinary tunssten bolb rated at 40 watts Yas a candiy power of about
32, and a 100- avat Langsten bulb has a candlspower of about 100; 1 1000~
watt mercury~xenas lamp his an output of 5 ,000 lumens-or a candle-
power of 52,0094 = 4100 candles,
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THE SPECTRUM

Factors which limit the range in one wavelength regior can often be*neglected in othey -
regions; therefore an examination +f the spectrum will be made, starting at the shorler
wavelengths in the ultraviolet.

‘Tifferent portions of the spectrum avre usually assigned nanies as a matter of conven-
fence. One classification is the foilowin, ¢ far ultraviolet bclow 20004, middie uliraviolet
from 2000A to 3000A, near ultraviolet l’ro‘n 3000A to 40004, and us.ble 'rigion from 40004
to T000A.

Far Ultraviolet

Oxly @ brief discussioy.is needed to dispense with the far ultraviolet region. The air
s so gpaque at these wave!, ‘:n"ths even over i path length of a few meters, tkat commuini-
cation is unlikely. Onlv in \he upper afriosphere; where the absorption by ‘ozone and cther
gases is small, would us» ot-these wav elength': be prac.ical. For:ex: 'mple, up to a height
of 12 km the radntxon f rmrnthe sun at wavelengths below 2900A is negligible becausé of the
absorption by atmospheric. gases. This is )llu»trated by Fig. 2, which shows the spectral
absorption coefficient-af L% ten to be 100 e~ base e at 1300"\ and1 cm~! ‘base e at 1806A.
At the peak value, where the.absorption coefficient 15.480 cm~Y, radiation in passing through
1-cm of oxygen is reduced to:.7 « 10-12 of its original value.

Other gases aiso absoib strongly in the far ul!mnolet Nitregen has weakbands at
1090A to 1450A ard strong absorption from 800A to 1000A. Water vapor has asabsorption
continuuin from 1435A to 1860A.

The dita for Fig. 2 were obtained (4) by measuring the transmissions of-very ry pure
sam| es of oxygen and ozone at STP. When-these qrnpl',s in Fig. 2are used, it is nccessarv

‘to determine the total amount of gas-present over the-path length.

The atmosphere s 1poromnutely 21 percent oxygen; therefore the attenuation coeffi~
cient for oxygen is obtained by taking.0.21 o " the value obtained from'the graph and multi-
plying by.the path length in the same units for wliich the corstant is given.

Since the amount of ézone'in the atmosphere as variable, the total amount in a horizon-
tal path is not go easily determined. This.,s discussed in more detail in following
paragraphs.

‘Middle and Near Utraviolet

The middle and neav uitraviolel regions..that ic suvelzngths lying rughly between
2006A and 40004, will.be exaruined next.

Absorption bg Czone - A plot of the absorption coefficients for the most absurbing gases
has been prepared:from data in the Haaabeok of Geophysics {4} and Ip shown in Fig. 2. It
will be nofed that {he peak absorplion due to ozone oceurs at 25334 .and has a value of-about
325 em~!  In order to de.ermine the attenuation coefficient per Lm oyer a horizontal path
it is necessary-to krow the ameunt of ozone in the almosphere at the surfare of the earth,
The amount 45 variable. ranging from D to 0.02 parts per widion fppm) in the winter and
from 0 te @ U7 ppm ir the-summer (5). Dobson (6) has coltected dd.a from many parts of
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ire -4 on the amount of ozone at various altitudes and climatic conditions. It has been
sined that the greatest annual variations occur at high latitudes and that in general
a.amount of ozone varies inversely with prezsure, temperature, and density of the air.

Absorpticn by Oxygen - Oxygun, 2 strong absorber in the far ultraviolet has relatively
weak absorption bands In the middle ultraviolet. These are the Herzberg bands from 2400A
to 2600A as-shown In Fig. 2.

Absorption by Other Gases: - Nitrogen transmits freely from 14504 to the visible.
Carbon:tiexIde absorbs weakly in the region 2000A to 3000A.. Sulfur dioxide absorbs
strongly from 27004 to 3160A, but there is usually very little S0; present, Nearly all the
rest of the.atmospheric gases occur lu fixed amounts and have neglibible absorption in the
region 2000A to 3200A.

Experfiicatal Data on Horizontal Attenuation

All of the factors pertaining to atmospheric attenuation discussed so far have been of
a relatively constant nature, permitting the attenuation coefficient to be calculated for any
given wavelength, This Is not strictly true where ozone absorption is involved; however,
the maximum attenuation can be determined from the maximum amount of ozene presant
0£:0.07 ppm,

Dunkelman, Stewart, et ali have measured the horizontal attenuatjon of ultraviolet and
visible light by the iower atmosphere at night {n city, desert, and sea almospheres under
coaditions ranging from fog to exceptionally clear-air. Thelr results indicate that when
visibility is poor the attenuation coefficient may be 100 times the valup for pure air,

>Figure 3 roughly summasizes the data from Dunkelman’s (7) report in that it shows the
maximum and minimumevalues of attenuation vbialned during these measuremonts. The flat
por’‘on of the curve between 30004 and 45004, due to scaitering by fog, would probably have
exte ided through the whole spectrum had data beer taken at all wavelengths,

Fog particles are reported by meteorologists to have radii of about 10, to 100, Since
their dlameters are always larger than-any wavelength in the region 2000A to 70004, it is
unlikely that any particular wavelength ot color of tight will penctrate fog better than any
other wavelength or color.

OPTICAL MATERIALS AND FILTERS FOR
THE ULTRAVIOLET

Optical matevials are uganlly categorized according to their index of refraction, trass-
mittance, and absorbance or density. Transmittance is usually expressed in percentage,
not corrected for surface reflection. That s, if a plate has a transmittance of 80 percent
and 4 percent reflection from the front and rear surfaces, the total energy transmitted is
82 percent. Transmittance is defined as the ratio of the radiant power ti ansmitted by a
sampie to the radlant power incident when the incident beam consists of parallel radiation
normal to the surface of the sample. Density (ausorbance) s the logarithm to the base 10
of the reciprocal of the transmittance.
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The transmission of a sample varies with its thickness In accordance with the equation

fypes of

I
I,

Filters

-

¢

-yt

(6)

Filters can be classified according to their construction or mode of operation, The
most common types include solution filters, colored glasses, gelatin stained with dyes, and
are filters. Other types are the selective reflection filter, seattering filter, polari-
zation filter, and refraction filter. Characteristics of the filters are transmittance, reflec-
tion, sharpness of cutoff, bandwidth, leakage outside the passband, and possibly angular field

wlane
interfore

of view,

Glasses

The ability of glass to transmit ultraviolet is determined largely by its iron content.
Argunts 2s small as 0,01 percent ovcurring as impurities afiect the transmission of the

glass.

Ordmary window glass 1 mm thick {s practically opaque to wavelengths shorter than
3000A (8) Table 3 given the value of the absorption coefficient of window glass for several

wavelemths, Using these values of

of wiadow glass.

, the curves of Fig. 4 were drawn for two thicknesges

Fyrex (the trade name for a borosflicate glass made by Corning Glass Co.) is heat and
chemical resistant and hzs much better transmission properties than ordinary window glass.

CONFIDENTIAL
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Table 3
rbsorption Coef{icient of Window-Glass

Wavelongth a
{Angstroms) {ene!)

3150 7.6

3200 5.0

3400 1.2

L 3600 0.45

&

o
<

PERTENRT TRANSMISS TN
-
=2

w 7 / /

oL» i o | 1 X [}

90 2000 2204 2430 2600 28000 3000 3200 3400 3600 3800
WAVELENOTH (ANGSTROMS)

Fiv, 4 = I'ransntission of various types and
thickneas of materials

Referring to Fig. 4, it {s.seen that Pyrex glass No. 774 transmits at myrh shorter wave-
lengths than window glass, dropping to 30-percent tranumission at-about 3000A.

Other Pyrex type glasses suitable for ultraviolet transmission are Corex D, Pyrex
No. 9741, and Vycor Nao- 791. Corex D is useful for bulbs on sunlamps as it transmits the
erythema or sun tanning wavelengths which are most effective at about 2967A while cutting
out the less desirable germicidal mercurcy line at 2537A. The most effective wavelenain

5

for germicidal effectiveness is 26004, drepping to very little bactericidal action at 3200A.

The Vycor glasses approach silica in their properties but can be fabricated at lower
temperatures than guartz, A curve for 1-mm-thick Vycor No. 791 is shown in Fig. 4.

Quartz

Quarles, both fused and crystal, transmits in the far ultraviolet region. However, as
cait be s:2en from Fig. 4, crystalline quartz has higker transmission than fused quartz.

CONFIDENTIAL
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Ciystals

The halides which transmit well in the infrared region also transmit well in the ultra-
violei. Calcite (CaCO,), fluorite (CaF,), and rock salt (NaCl) are often used in optical
instruments for ultraviolet. A thickness of several centimeters of fluorite, {or example,
has 50-percent transmission at 1860A. The absorntion coefficients for wavel. apibs from
1860A to 2800A are given in Table 4 as listed by Koller (8).

Table 4
Absorption Coefficients for Calcite, Fluorite,
and Rock Salt

swtance | aveenth | cofiiont |0 Tronision
em”™!) {cm) ]
Fluorite 1860 0,22 3.15
Calclte 2150 3.36 0.21
2300 1,25 0.56
2400 0.58 1.20
2500 0.40 1.73
2600 0.29 2.39
2700 0.20 3.46
2800 0.16 4.33
Rock Salt 1860 0.36 1.93
2160 0.26 2.67
2310 0.15 4.62
2890 0.046 15.1

Glass Filters

A large number of glass filters are commercizlly available with transmissions of 30
to 99 percent tn purtions of the ultraviolet region. Many of these also have some trans-
mission in the visible and infrared regions. The transmission of a number of colored
claswes nanufactured by several compantes is histed 1n the Handbook of Chemistry and
Fhyaies (9},

The transmissiun of several ultraviolet transmitting glass {ilers manufactured by
Curntng Glass Works 1s shown in Fig. 5. The only one having no transmission in the visible
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is 7-87. Its transmission in the-ultraviolel lies between 3200A and 3900A. A filter used
frequently for ultraviolet work isiihe 7-54, which transmits from about 2300A to 4200A,
However, it will be noted that #t also transmits in the visible region. The dashed portions
of the-curves indicate that there is no control of the transmission in these regions. Number
7-54 is not resistant to heat shock, however, and is affected some by atmospheric conditions.

Transmission of Water

Although water alone might not be used as an ultraviolet filter, it could be used as a
vehicle for other materials. Therefore its transmissioa is considered in this section,

Hullurt (10-12) found that the absorption coefficients for extremely pure water were
nicre than 10 times those calculated due to scaftering, Figure 6 shows the absorption
coefficients for pure water In the region 2000A to 7000A.

FXIO

oot

\ Fig. 6 - Ultraviolet absorption
cocfficients of water

tx0?

ABGIRPY TN AND STATTER %5 COEFFC ENT (207

ot . .
Fout el ARl [ e o0y (X< p{Tx ]

WAL ELENITH HANGSTROMS)

The transparency of pure water in the near ultraviolet reglon is shown by Fig. 7, which
is a p't of the transmission of 10 cmi and 16 uim of water asing the abtorption coeffictents
of Hviburt,
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Fig. 7 = Transmission of pure witer

Plastics

The spectral transmission uf several comraon plastics is shown in Fig. 8. These are
all of different thicknesses, and this should Le taken into account when comparing their
transmittance. For example, compare the caicuiated transmission of.a 0.003-inch thickness
of Saran {vinylidene chloride) with the measured transmission of a 0:003-inch thickness of
polyethelenc «t 2500A. From Fig. 8 the transmisslon of & 0.0005-inch-thick sample of Saran
ts 80 percent. From Eq. (6) the transmission of:a.0.003-inch thickners:of Surau is found
to be 44.5 percent, which is very close to the measured value of 46 percert shown in Fig.

8 for polyethelene.

Chemical Solutions

The absorption of various chemical substances can-be found by refereace to the Inter
n tional Critical Tables (13).

Kasha (14) found that a 5-cm optical path of an aqueous solution containing 240 grams
per liter of NISO,6H,0 und 15 grams per-liter of CoSO, 7H,,0 would transmit 50 peicant of-
the Incident radiation beiween 2400A and 3200A, as shown by curve A in Fig. 9. Not shown
is a hump of 1.5 percent peaked at 5T00A. Potassium chromate {curve B) has a good trans-
mission maxirium at 31304, the wavelength of a strong group of mercury lines.

Cupric sulfate is useful for removing the infrared in conjunction with filters which
separate the ultraviolet and visible, Its transmission is shown by curve A in Fig, 10. In
this same figure, curve B shows the combination of a Corning 7-54 filter with a cupric
sulfate cell for removing the infrared and visible.

Cation-X (2,7-dimethy)-3,6-chazocyclohepta~1,6-diene perchlorate) in polyvinyl alcohot
films is used to climinate lung-wavelength response. The absorbance of films of polyvinyl
alcohol fncorporating cation-X are reproduced in Fig. 11 from Ref. (15).

Miscellaneous Filters

McBride and Olsen {15) have summarized the present state of the art in optical materials
and have included a good list of references un this subject. They have a very good summary
on the preparation of chemical filters such as mckel sulfate hexahydrate crystals and on

alkali metals.
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Fig. 11 = Absorbance of films of polyvinyl alcohol
incorporating cation-X

The “G” filter was developed.»y White {16) to exclude all visible Hght from a gallium
arc lamp. This filter consists of a sandwich of nickel sulfate sorbital complex between a
plate of polished fused silica aud a plate of Corex:9863. A thickness of 3.5 mm of the.com-
plex and 3.5 mm of the Corex has a transmission of 60 to 74 percent in the region 2800A
to 3000A, where thie gallium liney are strong. The nickel sorbital complex was developed
to obtain & solid filter with the characteristics of nickel sulfate in water.

Interference Filters

Inter{erence filters may either transmit or reflect light over a narrow spectral range.
A transmission filter consists of two highly reflecting semitransparent metal films sepa~
rated br a spacer. The separation of the films, (which is half a wavelength or a multiple
thereof) determines the wavelength of the passband. A first-order filter har a separation
of half & witvelength and a bandwidth, between wavelengths where the trans.nission 1s half
the maximum, of less than 200A-{17). A second-order filter has a bandwidth of less than
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100A. Transmission values ai the neak vary from 3¢ to 50:pevcent. Inter fex ence flllers
are available-through the-region from 240DA fo 12,00 °A. Théey urg:also available: Withthe
transmissfon 4t thesundesiréd ordasblocked out, -

Figure 12°Trom Ref. 17, shows the’ response-of a {ypical:first-order filier designed for
roarimum. tnr.,mlsazon at 0490A “he manufaetwring lolﬂrance is £i504. and e m\if-mdt"
nxmaximum of 200A. Figure 15, {8 ru Ref, 17, is:a- spechophotomehic :curve-of @ typieal
second-order filter {or 5460A having.a hulf—\wdih of 10A. Note that the first-order filter
has 29-percent wransmission in the dltraviolet at 34604 and the second-order mter has
third-order {ransmission-of 35 percent at 3780A; When thesungd ssifed orders are not-blocked )
cut, these filters can, of coursé, be used as narrow-band-filtén.-at- any.of the orders which
are transmilted.
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Lig, 12 = Transinission of a-firsta Fig, 13 = Transmission of-a second-~

order {nterference $ilter order interterence- filtox

When the angle of Incldence of the radiation 5 not normal to the filter the pagsband
shifts to shorier wavelengthe, Also the passband-becomes @ doublet with increasing sepé-
ation as the angle of Incidence is fncreased. A fivut-order filter peaked at 6500A will have
doublets at about G050A and 6250A when-the angle if inefdenze becomes 30 degrees. A
second-order filler might, for-example, have douilets which are shifted from a single peak
at §500A for an Inctdent angle of 30 degrees, to 51 0A-and 5450A at 60 degrees.

DETECTORS FOR THE ULTRAVIOLET

Detectors for the ultraviolet include thermocouy| s, photocells, fonization chambers,
chemieal reaction, and photopraphic plates,
Photoyraphic Fiims and Plates

Photographic processes are most useful when it ,ndesired to »ecord the spectral
characieristics of o zauree or signdd and a sultabie gpoclromater 1s avadlable.

Photographic techaiques might be used during the ¢ relopment of a-communications
svster, but it is ot llkely that they will be used fa tae v, system discusged in thls report.
Ther More, no jurther discussion 1s necessary. Refer 'nee 18 contains - Information on the
characteristics of ultraviolet sensitive ftlms.
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Thermocoupies

Thermocouples ind bolometers are useful for making absolute measurements over a
wide range of wavelengths. The-receiving element of a thermocouple, thermopile, or
bolonteter can be blackened so thac it willthave uniform response over any desired region.

The response time of a wide-soectral-range thermocouple is in some cuges s long as
a second or-mere. The sensitivity is aiso poor compared to many other types of detectors
such as phofotubes. Havens (19).predicted that the ultimate sensitivity or minimum detect-
able power of a thermocuuple.or iy 'smeter is about AP 8 « 1012 a! 2 r=! watts, where
Alds the area-in mm? and.» js-the time constant in seconds. This sensitivily is approached
withir a factor of 2 to 3 ir practiv <-with some thermal devices designed for specific
applications.

When compared with the sensitivity -of a multiplier phototube of 107 wats (20,21},.the
best thermopiles are about 10,000 times less scausitive and have 2 much longer response
time.

Phototubes

Phototubes and multir vier phototubes operate at wavelengths of a few hundred angstroms
up through the near infraed depending on the type of window material and the cathode
material, A techaique, wnalogous to overcoating of photographic plates, can be used where-
by the incoming radiation causes the receiver to fluoresce, emitting light to which the
phototube Is sensitive.

The efficiency of detectors can be given in terms of the quantum elficiency, that is, the
number of electrons “generated” or emitled by a detector per photon fimpinging on it. Figure
14 shows the quantum efficiencies for a number of photoseusitive cathodes (reproduced
from a chart by International Telephone and Telegraph Co., Fort Wayne, Indiana). The
spectral response of the surfaces is also shown in units of amperes per watl.

An idea of the sensitivity of a photo detector can be gained by first assuming that each
quantum releases one electron. In this case

amperes g7,
wntt he

& » 1075 V)]

where « {s the cloctronic charge, 1,602 - 10~1? coulomb, » 1s the wavelength In angstroms,
Lis Planck's constant, 6.625 - 10-2" erg sec, and « is the velocity of light, 2,99 « 1018
angstroms/sec. Before the photoelectric effect can take place, the photon must impart
enough energy to the electron to overcome the work functior of the photo surface. The
resvlting quantum ylelds are the order of 1 to 12 percent fo,* the common surfaces, as
shown on Fig. 14,

The advantage of multiplier phototubes over diode , aototubes is malnly the reduction
of noise oblainable with a mulliplier type compared to that of a phototube and an amplifier.
"“he ct;rrcnl amplification of tubes with nine and ten dynode stages is from about 10° to
2-10%,

The vauivalent noise fnput of a photct Ye is the tneident {lux which when modulated in
a stated manner produces an rms oulpuwr current equzl to the rms noise current within a
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Fig. 14 » Photosensitive cathodes

specified bandwidth. For a 1P28- wultiplier phototube, which has an S-5 response and nine
stages, the equivalent noise inp.u is 7.5 »*10-*3 Jumens with a square wave modulated source
at 2870°K and a 1-cycle-bandv icith ampliftr. When monochromatic radiation at 25374 is
used in the measurement (i ,.iace of the 2810°K tungsten source), the equivalent noise input
is 8 « 10~1% watts. Tkisas vout whal ane would expect, since a lumen is 0.00147 watt at
the peak sensitivity of the.eve, noar 5600A, and the 1P28 is slightly more sensitive in the
middle ultraviolei,

The signal-to-nries cuwe b ymoroved by & factor of 100 by cooling the tube with liquid
afr.

Having dete «aiwned that the m navan detectable signal for a 1228 multiplier is about
8 - 10- ¢ watts, we wight »<sh to know the magnitude of the output signal for a given.amount
of radiation. teferr.ng to ihe daia sheet for inis tube one finds that with 1000 volts distrib~
uted equally 100 volis cach) between the cathode and fii st dynode, between each succeeding
dvnode sta~», and Letween the dynode and anode, the sensitivity to radiation at 3¢00A §s
61,800..twap/, watt.
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This figure can.also be.determined approximateiy\by i+ JUg iving the.cathede sensltmty
by the current ampnl.c’l‘ton For the 1P28 the cathode sensiii vy 18, o/ Go,.amp Jawatt and
the gain is 1.25 x 105; ; hence the sensitivity is0.05 < 1.25» EC% = W62 1(}L,,amp/ywm

The sensitivity of-a.type 935 vacuum phototube, which als0 ¢ an-S-5 taspy:re, 1s:g1ven
as 0.043 p amp /uwaul with 250 volts on the aréde. Thus it canhe-sogn fhat the mr ’mlh Y
tube, besides providing a large output' sighal with a low noise lév ", tas mo“e\ef‘lcient
coupllng between thecathode and dvnode than does the diddeto its. numuL oad 1.05istor by
a factor of 0.05/0.043,

For absolute measurements eack:tube would have to be individually -v~ abrited, since
all the values quoted are merely typical of a par Uculm‘ type of tube. “In"Fe nvwce to Fig.
14, the $-4, S-5, -9, §-i1, §-17, S- -19, and S-21 cathodes are cesium-antim: =, .but the
finished tubes vary in the m'mner in which the cathode is processed, whethexnndv :0pague
or sewitransparent and the type of envelope material,.thereby resulting in the ditarent*types
of respunses.

“Solar Blind® Receivers

Fulladvantage can not be'taken: of the high sensitivity of multiplier phototubes when they
are used in daylight, since they are cdsily saturated bv the ambient-light. T}is las. led to
the development of “solar 'blind” cells for use in the ultraviolet regicn.

For use In tiie middle ultraviolet the most promising photocathodes are cesium telluriae
and rubldium telluridn The-curve marked UV in Fig. 14 has this typo of cathode, The long-
wavelength cutoff of i Jese “solar blinds” is not sharp enough to completely eliminate their
response to.sunlight. at ground levels as.evidenced by measurements-of Dunkelman, Hennes,
and Fowler {22). They found that the radiation at 2537A ne2ssary to giva the-same signals
as full sunlight varied from 6.7 x 106 to 1.7 « 10-5 watts/cm? for thiea diode phoiotubes
and me multiplier phototube, all.with Cs-Te cathodes.

Photon Countert and loi Chambers
Photon counters and ion chambers ave simple and ¢ mnipact and have great sensitivity
They can be desi ed for operation af almost any w'welength. The properties of these two

types of detectors are reviewed by Friedman (23) and in the literature. Since this report
does not cover thifar ultraviolet, these detectors wili not be elaborated on here.

Chemical Deteotion

Two chemical‘metiods of defecting ultraviolet radiation have been compared with results
obtained with photoelectric methods (24) with good results. Chemical methods are more
applicable to experimental work and will not be discussed bere.

SOURCES OF RADIATION
Because of the difficulty of .generating high power mor, nchromam radiation in the ulira-

violet region the soarces discursed irithis secticn include those having considezable output
in the vistble and tnirared regions.
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Incandescent Sources

The tetal radiation at all wavelengths from a beated body is well represented by the
Stefa..- Boltzmann law,

WoOA(TY - 1Y (8)

where = 5.67 - 10~'2 watl em=? deg™ for a perfect bHlackbady, A ls the area incm?, T
is the absolute temperature of the radiator, and T, is the absolute temperature of sur-
roungings. It 1s easily verified that as the temperature of the body is raised the radlated
eneegy Increases At a rapid vate because of the fourth-power relation

The spectral distribution of energy from a true blackbedy can be determined from
Planck’s formula,

I
A\ S (u(‘z Me o l) ®)

where (15 determined by the units aad incremental bandwidth desired and is equal to
1177 - 10713 watts per cm? per unit solid angle per em interval,

To convert ¢, to other conditions use the form (25)

(wavelenuth)d = power

(“| constant - .
area -+ wavelength anterval

Thus, for the radiation from one side of a surfuce of a l-cm-area blackbody with the
wavelength expressed in microns and the wavelength Interval equal to 0.1,

Lz - - 10702 . (104 watts
! L TR (xo)

[

o

k)

2697 0 watts om7 2 per o W 0Ll (an

Stnee ¢, LA42 em deg, then if wavelength Is expressed in microns, €, would become
14,320 dep.

The solid curve of Fig. 15 shows the radiation from a 3000 K blackbody. 1t will be
wted from the other curves on this figure that as the temperature is lowered the total
output drips and the pr ak of the curve shifts to lenger wavelengihs. The peak radiation
accurs dt a wavelength determined by the equation

T Mgty dey (12)

For the 3000 K suuree the peak radiation occurs at 6,963 . and for the 1000 K at 2,89,
lwith 1 the infrared region,

By ustpy, Planck's equation, or more conveniently, by use of tables prepared by Lowan
ané Blanon 26}, the peroent of ener ey in any speciral interval can be delermined. With a
040 K sourt € only 0.2 percent of the total eneryy Yies in the ultraviolet region between 0A
and 400DA. About 8 percent is in the vistble, and the remainder is at longer wavelengths,

Typreal aperatiog temperatures of common types of incandescent lamips are lsted by

Rodler (#i. The tuchest operating temperature of a staecdard lamp s 2990 K for a 1000-watt

CONFIDENTIAL




CONFIDENTIAL MNAVAL RESEARCH LABORATORY 21

3

Fig. 15 = Blackbody radiation {rom
sources at temperatures of 1000°K,
2000°K, and 3000°K
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butb, The total ultraviolet output is 3.27 watts or 0.33 percent. Befween wavelengths of
3800A and 76004, the visible region, the cutput is 185 watts,

Mereury Arc Lamps

Mercury ates provide a fairly efficient weins of generating ultravinlel radiation
because of the large number of short.wavelength lines fn the mercury spectrum, Table
sts the ultraviolet emission lines of mercury., There are several strong mercury arc
lines in the visible, at wavelengths. longer than these, which are not listed In the table.

Mercury arces are characterized us belng low pressure or high pressure, and although
al the mercury lines arve present in all mercury ares, the strength depends on the pressure,
which is fn turn a function of temperature,

Typieal ligh-pressure ac operated mercury aic famps are the Uvlare and GE H-4,
When the Uviare is operated with 560 watts input, the output at wavelengths less than 3800A
is 118.6 watts. Table 6, compiled from sata on p. 38 of Ref. 8, 'ists the spectral distribution
ol energy from the Uviare. The spectral distribution of energy for a 250-watt (UA-2) Uviare
lamp is also piven In Ref. 8. The spectrum 1s simllar to that in Table 6.

Ti» Uviare iamp bas a thermionic «athode for starting the arc and te make ac operation
possible, Rather than having an excess pool of mercury. a limited 2mount is used so that
it is completely tonized in operation. This makes the pressure relatively insensitive to
ambient temperature changes.

Mercury Vapor Sunlamps
A & mlamp, as its name implies, 18 one whose output 1 esembles that of the sun o e
clear day. Since they are used primarily for an erythemal reaction, the outpat belaw 28004

i ftered out. The 8-1, 400-watt sunlamp radiates 7.7 walls betveen 2800A and 3800A and
45 watts 1 the visible region between 3600A and T600A.
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Table 5 Xenon and Mercury-Xenon Lamps
Ultraviolet Emission Lines
of Meicury High pressure arc.lamps of various w1ttages for
(Wavelengths in Angstroms) operation on ac and dc are also available from Hanovia

] Chemical and Manufacturing Co. The typos Visted In
1269.7 | 2399.4 ] 3021.50 their bulletin are given in Table 7.

1527 Z482.7 |3125.6 The energy from these lamps is radiated as both
a continuun) and as lnes, The total radiates power
1592 2534.8 | 313156 | from-the 1000-watt mercury-Xenon lamp is 480 watts
for the spectral range 2000A to 14,000A, Heat from
1599 2536 3131.84 the quartz envelope and the tun(,sten electrodes

' accounts for much of the infrared radiation, which
1660 2652 3341.48 extends to about 50,000A. A table of the spectral
distribution is shown in Table 8. It is seen from this
1677.9 | 2698,9 | 3u50.15 table that 14 percent of the radiated energy is inthe
ultraviolet region from 2800Ato 4000A,,40.5 percent
. 1783.3 | 2752.8 | 3654.83 is in the visitle from 4000A to 7000A, and 45.5 percent
is in the infraced from 7000A to 14,000A. This ignores
1798.7 | 2803.5 | 3662.87 a small amount at longer wavelengths., Note that the
greatest amount of energy over any small region ig
1849 2647.7 | 3663.2 radiated by the line spectrum, the strongest one being

at 5790A in the visible,

1942 2893.6 | 3906.4

. The xenon compact arc i somewhat lese. efflcient
2224.% | '2967.28 | 3963.99 than the mercury-xenon arc, living un oulput of 260

' watts for 1000 watts input inthe region 2000A o
2378.3 .4046,56 14,000A. The distribution of energy is much different,

( as shown in Table 9. Here, only 4.6 percent is in the

uitraviolet, 23,8 percent Is in the visible, and 71,6

percent is in the fnfrared reglon.

Low Pressure Marcury Arc

Mercury arc lamps operated at low pressures radiate the mercury resonance line .at
2537A almost tothe exclusion of all others. At low pressures the mean free path is longer
than at high pressures and the prebability that atoms will radiate at the resonant frequency
before collision with high energy electrons is large.

Childs {27)'bas investigated a low pressure mercury arc* as a calibration source. He
found that 92 percent of the output originated in the 2537A mercury resonance line. At 1
meter the 2537 A irradsance was 3.9 . watt, cm?. The irradiance changes less than 2 pcrcent
for puwer supply vartatiuns fron. 103 w 130 volts ac, environmental temperatures of 19.4°C
and 26.8 C, and ambient air flows of 11.7 and 14,7 em/sec. After 16 hours of operation
there was no decrease in the output,

*Motel 11 §C-1, Black Light Eastern Corp., Port Washingtan, L. 1, N, Y.
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Table 6
Distribution of Radiation from a Mercury Vapor
Arc in Quartz {Uviarc Lamp)

Wavelength Energy Radiated | Milliwatts/cm?
(Angstroms) (watts) 1 meter from Arc

6234 1% ooz

5700 31 0.31

5460 22 0.22

4560 and 4338 20 0.20

{045 and 3906 17 0.17

3660 35 0.35

3341 3.9 0.039

3130 24 0.24

3025 12 0.12

2967 5. 0.05

2925, 2893, apd 2302 4.5 0.045

2752 and 2700 2.8 0.028

2652 ! 8.4 0.084

2571 | 1.4 0.034

2537 ,‘ G 0.090

| 2482, 2400, 2360, ard 2300 % 8.4 » 0,084
1942 and 1849 i 2.2 0.622

High Veltage Lamps

Mercury o seron lamps for experimental studies were described by Dacey and
Hodoirs (28}, 1ke mercury lamp, operatng at 6000 volts, 100 ma ac, radiated 6 - 10
quanta per secand at 1856k, The xeron lomp, cperating at 5000 volts at 120 ma, alse on
fQ-cps uav, radiated 1 10" quanta per secord belsw 1470A,
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Table 8
Spectral Eneryy Distribution of Xenon-Mercury Compact 4cc Lamps
Spectral Range Lines Spectral Range |, - Lines
(Angstroms) Percent (if any) (Angstroms} Lx ereemt { (if nay)
Ultraviolet 700t 7800 | 0.600 -

- 7800 1 7900 | 0.591 -
2000 to 2100 0.04C - 7900 t¢c 8000 | 0.592 -
2100 to 2200 0.150 . 8000 to 8100 | 0,537 -
2200 1o 2300 0,221 - 8100t 8200 ; 0.478 -
2300 to 2400 045 - 8200 to 8300 | 1.n 8256 Xo
2400 to 2500 0.595 2962 Hig 83000 8400 3 0.508 -
2500 to 2600 0.571 {2537 Hg 8400 to 8500 | 0.506 -
2600 te 2700 0.803 {2652 Hy 8500 to 8600 | 0.480 -
2700 to 2800 0.556 - 8600 1o 8700 | 0.508 -
2800 to 2900 0.766 {2804 Hg 8700to 8800 | 0.511 -
2900 to 3000 1.080 2967 Hg 880V to 8900 | 1.230 8819 Xe
2000 t5 3100 1.340  }3025 By 8900 t¢ 9000 { 0.977 8952 Xe
100 to 3200 1,880 3130 Hg 9000 ta 9100 ; 1.000 9041 Xo
3200 10 3300 0.960 - 9100 to 9200 | 1.230 9162 Xe
300 1o 3400 £.210 133 N 0200 t¢« 9300 § 0,512 -

; 3400 to 3500 0.080 - 9300 to 9400 | 0,735 9374 Xe
3500 10 3600 1.029 - 9400 ta 9500 ; 0.482 -
3500 to 3700 3.850 {3660 Ng 9500 o 9600 | 0.755 9513 Xe
§700 to 3600 1.000 - 9609 to 9700 | 0,480 -
3300 to 3900 0.880 - | 9700 to 90800 | 0.478 -
3900 to 1000 0.725 - 9800 to 0900 | 1.173 9800 Xe

b e Viile T | 9900 10 10000 | 3,200 | 9923 Xe
_ ] 16000 to 10100 | 0.462 -
P 1000 1o 4100 } 2720 14045 Hg | | 10100 to 10200 | 2.358° {10140 Hg
f4In0 to 4200 0.670 - 10200 to 10300 | 0.4%53
] 4200 to 4300 0.620 - - 10300 to 10400 { 0.453
i 4300 to 4400 3,383 4358 Hg 10400 t¢ 10500 | 0.452
4400 to 4500 0.572 - 10500 to 10600 | 0.528
) 4500 ta 4600 0.572 - 10600 to 10700 | 0.136
¢ 4600 to 4700 0.53 - 10700 to 10800 | 0.426
‘ 4700 to 4300 0.516 - 10800 to 10900 | 0.4
1 4600 to 4900 0.528 - 10900 ty 11000 | 0.4C6
| 4900 to 5000 0128 | 4vI6 Hy 11000 to 11100 | 0.405
i 5000 to 5100 0.586 - 11100 to 11200 1 0.405
| 5100105200 | 0,644 « 1 |1120010 11300 | L262° |
¢ 5200 ta 5200 0.718 - ‘ 11300 10 11400 | 0.388
© 5400 to 5400 | 0.905 - 11400 to 11500 { 0.384
3404 to 5500 6.780 | 6461 My 11500 to 11600 | 0379
5500 to 5600 0.932 - 11600 to 11700 | Q.34
5600 tv 5700 0.912 - 11700 to 11800 | 0.362

5700 1o 2800 ]
SBOO (s 5900 I
5900 tn 6000

000 10 6100 |
6100 to 6200
6200 to €300 |
6300 to €400
400 to 6500 '
G560 to 6600
€600 to 6700
BI00 ta £800
CE00 to R0
b £200 to 7000

[

.

[
00 to 7100
Y60 ta 7200

t200 to 2300
T30 10 7400

1T e 7500
Thm o T

LR L

LN VR ¥ 1 X
i, LAY SN
F RPN b 3
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8.600 | 5790 Hg 11800 to 11900 | 0.358

0.800 - 11900 to 12000 | 0.354
0.766 . 12000 to 12100 | 0.346
0.175 - 12100 to 12200 | 0.342
0.775 . 12209 to 12300 | 0.6131
0.782 - 12300 ¢ 12100 | 0.332
0.782 . 12400 to 12500 | 0.328
0.786 -] 11250010 12600 | 0322
0 76 - 112000 10 12700 | 0342
0786 - 12700 10 12600 | 0.314
0820 | - 12600 to 12900 | 0.308
oo | - 12900 to 13000 | 0.398
o | - 13600 to 13100 | 0.305
2T T 13100 4 13200 1 6361

13300 to 13400 ¢ 0.202
13400 to 13500 | 0 290

13500 o 130600 | 1.200%

13609 te 13700 | 2,287

i

{

{
112200 1w 13300 | 0,295 }
| |
} 13700 to 13800 | 6.5 |
|
4

[1900 10 19900 | 020

| 13900 1 14000 | 0274 |
b e o S v
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i Table 9
SpectralzEnergy-Distribution of Xenon Compact drc Lamps
Spectral Range | o, Xe Lings Spedtral-Range | 5., Xe Lines
{Angstroms) | ! cf_“»"‘ (if any) (Angatroms) | ToYee™ | "4y ane)
Ultraviolet 7000 7800 | 0.823 -
—~=1 1 718000 7900 | Q.71 -
2000 tc 2100 | 0.019 « 7900 to 8000 | 0.614 -
2100 to 2200 | 0.076 - 6300to 8100 | 0.622 -
2200 10 2300 | 0.036 - 8100 to 8200 } 0.854 -
2300 to 2400 | 0.051 - 8200 to 8305 | 2.026 | 8231, 8280
2400 to 2500 | 0.064 - 83000 8400 ¢ 0.900 | 8346
2500 to 2600 | 0.107 - 8400 to 8500 | 1070 | 8402
2600 to 2700 | 0.173 - 8500 to 8600 | 0.573 -
2700 to 2800 | 0.143 - 8600 to 8700 | 0.588 -
2800 to 2900 | 0,200 - 8700 t0 8600 | 0.046 -
2900 to 3000 | 0.237 - 8800 to 8900 | L.110 {881y
3000 10 3100 | 0.236 - 8900 10 9000 | 2.780 | 8952
3100 to 3200 | 0.242 - 9000 to 9102 | 1,700 9045
3200 to 3300 | 0.271 . 9100 10 9200 | 2.410 §9162
3300 fo 3400 | 0.287 - 0200 1o 9300 | 0.652 -
3400 10 3500  0.282 - 0300 to 9400 | 2.680 | 9374
3500 to 3600 | 0.420 B 9400 to 0500 | 0.712 -
3000 to 3700 | 0.452 - 9500 10 9600 | 2.020 |9513
3700 10 3800 | 0.470 - 9600 1o 9700 | 0.720 -
3800 to 3900 | 0.505 - 9700 10 9800 | 0,750 -
3900 to 4000 _{ 0.540 - 9800 to 9500 | 2.460 | 9800
Visitle 9900 to 10000 | 4.210 |9923
10000 to 10100 | 0.980 -
4000 to 4103 | 0.570 . 10100 to 10200 | 0.018 -
1100 t0 2200 | 0.617 - 10200 to 10300 | 0.809 -
4200 1014300 | 0.641 - 10300 to 10400 | 0.848 -
4300 10'4300 | 0,660 - 10400 to 10509 § 0.930 -
4400 10 3500 | 0.669 - 10500 to 10603 { 0.923 -
4500 10 4600 | 0,752 |4501, 4525 | ] 10600 to 10700 | 0.887 -
4600 10 4700 | 0.925 |4024 10700 to 10800 | 0.697 -
1700 t0 4800 | 0.809 [4734 10800 to 10900 | 0.995 -
4800 to 4900 | 0.752 |4920 10900 to 11000 | 1.000 .
4000 to 5000 | 0.738 | 4923 11000 to 11100 | 1.045 -
5000 to 5100 | 0.718 - 11100 to 11260 | 0.995 -
510010 5200 | 0.738 - 11200 to 11300 | 0.940 -
5200 to 5300 | 0.720 - 11300 to 124 0,899 -
5300 to 5400 | 0.718 . 11400 to 11500 | 0.78t -
5400 to 5500 | 0.694 - 11500 to 11600 | 0.754 -
5500 to 5600 | 0.032 - 11600 to 11700 | 0,733 -
5600 to 5700 1 0.668 - 11700 to 11800 § 0,73k -
5700 to 5800 | 0.721 - 11800 to 11900 | 0.773 -
5800 to 5000 | 0.807 - 11600 to 12000 | 0.592 -
5900 to 6000 | 0.835 - 12000 to 12100 | 0,867 -
6000 o 6100 | 0.875 - 12100 to 12200 | 0.771 -
6100 to 6200 | 0.882 - 12200 to 12300 | 9.698 -
6200 to 6300 | 0.892 - 12300 to 12400 | 0.683 -
6100 ta 6400 { 0.897 - 12400 to 12500 | 0.669 -
€400 to 6500 | ©.935 - 12500 to 12600 | 0.651 -
6500 to €600 | 0.935 - 12600 to 12700 ;| 0.697 -
6600 to 6700 | 0.973 - 12700 to 12800 | 0.718 -
6700 to 6800 | 0.975 - 12800 to 13900 | 0.788 -
680U to 6900 | 0.976 - 12900 to 13000 | 0.798 -
6900 to 7000 | 0.985 - 13000 to 13100 | 0.713 -
13100 to 13200 | 0.648 -
Infrared 3200 10 13300 | 0.61% -
00010 7100 | 0.980 ! - 13500 to 13467 | €016 -
00427200 | w945 - 13400 10 13505 § 0.612 -
20010 7200 | 0883 12506 to 13600 ! 1610 -
7300t T400 | 0.867 - 13660 ¢4 13763 | 0 c0a -
10t 0w | 08711 - 13700 to 13800 ! 0.605 -
7500 ta 7€09 | a.848 - 13800 to 13900 | 0.59¢ -
7600 12 7700 | 0.83¢0 - 13300 1> 13000 | 0578 -
s e e B PR .- -
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The Gallium Lamp

White (16) described in detail the construction of a gallium arc lamp with a large per-
centage of the output in the ultraviolet. The lamp is filled with pure gallium jodide and a
gas mixture congisting of 20 mm ¢£ argon and 5 mm of neon. It is energized from a trans-

former having an open circuit voltage of 1500 volts and operates with a current of about
25 ma.

The spectral distribution of the energy radiated by the lamp is listed in Table 10. The
galllum arc lines are also shown in this table, The most:intense lines in the ultraviolet are
at 28744, 29434, and 2944A. The most intense lines radiated are at 4032A and 41724.

Table 10
Spectrai Distribution of Energy from a
Galllum Arc Lamp

Wavelength Band |} Gallium
(Angstroms) Milliwatts /Steradfan: Arc Lines
2448 to 2472 0.3 2450
2472 to 2498 0.1
2488 to 2524 0.5 2500
2524 to 2550 1.5
2550 to 2607 0.0
2607 to 2639 0.8
2639 to 2671 0.5 2659
2671 to 2705 0.04
2705 to 2741 0.7 2718
2741 to 2854 0.0
2854 to 289" 4.7 2874
2897 to 2921 0.2
2921 to 2968 9.1 2043

2944
2068 to 3018 0.03
3018 to 3601 0.0
3601 to 3696 0.07
3696 to 3798 0.02
3798 to 3909 1.2 3872
3876 to 3989 6.1
3989 to 4110 19.1 4032
4110 to 4244 18.1 4172
4244 to 4391 0.08
4391 to 5232 0
5232 to 5512 0.07 5360
5512 to 5835 0.02
5835 to 6215 0
6215 to 6672 0.07
6672 to 7210 0.05
7105 to 7760 0.2
7760 to 8545 0.6
8848 to 9418 6.5
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When this lamp is coverdd by a “G” filter (16), it is invisible to the unaided eye beyond
5 to 10 yards, Witha 2-inch or a 5-inch metascope using vllravioiet phosplm."‘huttons it:
can be seen clearly at 1 mile and possibly 2 miles on an average:clear night (atmuspheric
transmission 40 percent per mile {16)),

The Magnesium:Spark

Intense pulses of ultraviclet radiation can be generatey in-the magnesium high voltage
spark. A high voltage is discharged between magnesium electrodes in.air, caibon. dioxide,
or other gases. Elther ac or dc operation is feasible. The.output from the magnesiun
spark consists mainty of the four lines 27914, 2796A, 2798A,,and 2803A.

The Carbrn Arcs '

By ueing specially coved.carbons, high inteasily oulputs in the ultraviolet region are
aftainable with carbon ares. Flgure 16 shows the spectral distribution of energy {rom a
carbon arc using cored carbons neslg,nated as U-carbon®. This arc was operated from an-
ac source and drew 60 amperes with 50 volts across (he are. Both ac and de operation of
the carboun arc is possible. ‘With de operation, only the positive.carbon is cored.

3
<
<

g
[

U-carbon clectrodes

@
<

Fig. 16 = Spectral distribution of
! . energy from a carbon are with

Q | ST
2000 3000 4000 3000 6000 700D
WAVELENGTH (ANGSTROMS!
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Gaseous Dischirges

A unique type of yas discharge lamp (29) was developed at Northwestern University for
use in & pulsed-time modulatfon system. Tubes filled with nitrogen at approximately 10 mm
Hy emiticd the secomd posttive mitrogen bands. Fiash durations were the order of 0.1
microsecond at repetition rates 1p to 100,000 per second. Both inteinal and external elec-
trodes were used, Atube filled with 10 mm g tank nitrogen and flashed with 8 kv at 4 ma
emits band spectra from about 2200A to 50004, Special circuits were required to prevent
the discharge from bheing codinuous,

TPrejared by National Cavbon Go.
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In other experiments on gascous discharges, Richardson (30) used gas filled tubes
without electrodes. The gases were excited by coils around the tubes using a frequency of
120 Mc /sec. Neon gave the highest visual efficiency while nitrogen was found most suitable
for pulsed discharges. Gases wh'ch were used included neon, helium, xenon, nitrogen,
niercury vapor,.and krypton.

SOLAR RADIATION

If one wishes to operate ultraviolet equipment in the sunlight it is necessary lo deter-
mine the extent to which the receiver wili.be:affected by solar radiation. The amount-of
solar flux at a particular location depends on the altitude, 1atitude, climatlc conditions, the
time ol day, and the season. Measurements of solar energy have been made in various
localities, and some ot the resulls are discussed in the following-paragraphs. The regions
of interest for thig report are the middle ultraviolet and the near ultraviolet. The absorption
by ozone has an important bearing on this problem.

The amount of atmosphere traveled relative to the amount directly overhead is ealled
the alr mass. When the sun Is in the zenith the alr mass is 1.0, The air mass is almost
equal Lo the secant of the zenith distance {or 90 minus the altitude).

Figure 17 shows the spectral distribution of solar radiation for three different condi-
tions. The curve labeled M = 1.05 Is a spectral plot of the energy in watts cm? per 10A
vand with an air mass (M) of 1,05 at Washington, D, C. (31). An air mass of 1.05 corre-
sponds to o zenith digtance of about 18 dogrees.

2
|
|

i,

/\V\M

& BaND)
&
=

taR
=
5 3

(S

AR EXMCRGY M ZROHAY TS OM
2 3
—_—
=

£ MDY
[
40 S oM
4
1
! ’ /
X3 ’
wob .
¢ fir 1 L i " i
MOD 00 AN 43¢0 s vl 5000 L400

AAVEL LT IAN T TROM )Y

Fix, 17 = Spectral distribution of solar radiation traveling
through the air mass directly overbesd (M 1) und at
zonsth anples sech that M 1,05 4nd 16
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The data-ofithe curve iabeled M = 1.6 were plotted from the same source as the curve
M = 1 and show the decrease In radiation reaching the earth when the air mass is 1.6, An
air mass of 1.6 is equivalent to a zenith distance of abuut*51 degrees or an altitude of about
39 degrees.

The curve M = 1 was plotted from data taken al an>~ititude of 11,198 fu. ai Climax,
Colorado (32). The curve shows. -agproximately the meaq values:of mdxahon for four days
in Septembér 1951. The originid data are arranged in w’luble having values for M = 0, 1, 2,
and 3; however the curve in Fig 1% -sfor M = 1 only. Al this altitude of 11,190 feet 35 per-
cent-of the total sex-level atmosphere iies below the laeadion of Lhe station at Climax.

The absorpifon bands shown in Fig. 17 are the result of Fraunhofer lines.

Figure 18-(33) . < typical representation of the mamer in which the solar radiation
intensity varies with the time of day and the season in Washington. These plots show that
the maximum radiation incident on a4 horizontal plane occurs in June at noon. The obser-
vatlons were made on four very clear days. The spectral region is for waveleagths of 31324
and shorter,

JUNE 4,194)

APR n.p{",\}
Fig. 18 - D:uly apd scasonal
variations in {+renaity of
ultraviolet radiation observed
on four very clear days in
Washington, D. C.

90}~

SEPT 15,1943

/L/)/T\

AMEg 7 8 3 30 1 R 4 5PM

(NTENS'™ Yy SUN + SHY L w/tm)
o
=
;

[
O

Figure 19 shows the extent to which the atmospheric transmission is affected by ozone
absorption. The data plotted in Fig. 19 were used in determining the conditfons during the
time the measurements were made at Climax, The stralght line i5 a plot of atmospheric
transmissfon when only Rayleigh scattering is presenl. This line was plotted from Eq. (2)
for Rayleigh scattering. At wavelengths shorter thin 3400A there was absorption by ozone.
The difference in ordinates between the straight line and the observed dain at any particular
waveiength indicates the ozone absorptic,.  The optical absorption data were correlated
with the amount of ozone by the use of absorption coefficients for ozone gas. About 0.21 cm
of ozune at STP is a typical value (or latitudes near those of Climax and Washington, D. C.

Measurements of global radiation (sun plus sky) taksn on a horizontal surface in the

Sw.ss Alps at Davos Observatory (34) are plotted in Fig. 20. These data show how the
solar radiaticn varies as a function of the altitude of the sun from 15 degrees to 50 degrees
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Fig. 20 - Solar radiation in the Swiss Alps

and also the spectral variation for v.avelengths from 2900A to 3600A. The total amount of
atmospheric ozone was 0.25 cm. Typical recordings from which these curves were plotted
show the signal merging into the noise level of the equipment at wavelengths of about 2950A.
It wius {ound that lhe almospheric ozone in the Swiss Alps (Lat. 45°48'N, Long. 9°49'E) in
amounts from 0.2 cm to 0.3 cm causea variations of the infensity of the sky and sun radi-
atfon at J000A of from 8 to 16 times.
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DISCUSSION OF COMMYNICATION SYSTEMS
USING ULTRAVIOLET RADIATION

Basic Considerations

AUlong ranges, the eye may be able to detect a signal light, but if the iipi. is arar the
threshold level, communication wil! be difficult or impossible. Factors of from 2 to 150
times the threshold candlepower are reported (35,36) to L'« necessary for communication.
At night, howaver, the intensily is likely to he above the threchold at the-vanges of interest
One can easily confirm from the following discussion the fact that communication with
visibie sources at night at a range of 12.5 miles presents no problem when security is not
required, provided the atmosphere is nnt foggy. For example, consider a summer day when
an island or ship against a horizop background is visible at 12.5 miles and the atmosphere
has a olightly hazy appearance. With reference to Table 2, a daytime visibility-of 12-1/2
miles vorresponds to a nighttime condition where a 100-candlepower of approximately a
100-watt tungsten bulb is visible 7-1/2 miles and a 10,000-candlepower bulb 18 miles. This
refers to a bare bulb with no optics.

The flux density of sources at any distance can be calculated from the equation

It  Ie-vD
| Q-SSR
7?2 nD?2 (13)
where F i3 the luminous flux (lumens), D is the distance from the source to the receiver,
t I8 the transmission, » is the attenuation coefficient, and I is the luminous intensity
(candlepower).

If the lamp Is now piaced at the focus.of a-varabolic miiiror directed toward the receiv-
ing posltion, the apparent luminous intensity of the whole mirror is

I~ nR2Bp (14)

here . is the reflectarce of {iie mirror, R is the radius of the mirror, and B is the lumi-
aance or brivhtness (candles /unit area}. Equation (14) applies to a source which Is not a
point source and where the observer is sufficicrdly far away that the airror is uniformly
filluminated. Equation ;14) ¢an be substituted in Eq. (13) to determine the flux density when
2 prabe'ic reflector is used.

The effect-of the parabolic reflerter is.10 cause a source of a given brightness to appear
to be a source of greater area and tlie same brightness. For example, a circular source
with no reflector has a luminous Intensity of -BrZ candles, where r is its radius, When
placed at the focus of a parabolic reflector the luminous intensity is »BR2, where R is the
radius of the mirrar,

The 10G-candlepower lamp which was visible at 7-1/2 miles with no reflector, might
have a luminous intensity of 150 times this when placed at the focus of a 12-inch-diameter
mirror. It would then e visible for over 18 iailes. The 1000-watt mercury-xenon heac a
with a Fresnel lens has a candlepower of 100,000.

The above discussion Is Intended w» show that where security is not a consideration,
visual communication at night 15 easily achieved:with existing equipment, for both direc-
tional and all-around operation.
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mning daylight the situation is quite different Adlight viewed against a bright back-
ground is much fore difficult to see because of b 2. Jower contrast rmo Kl.oll Beard,
"Tousey,.and Hulburt (35)-determined the threshol’ of voint sources of light in ﬂeldb of
differeat brightnoss. Quoting: {ror..their report, 44 an average day with the-5un above 40
degrees the b'lckg: ound brightness is 200 candlesyit2of- 6 76 lamberts. They further deline
'm average day. as one in which the transmission is 0.6'{o 0.7 per séa mile, whi~' from

able T, Is szen to be a ciear day. Frora Table:? of their repori, one find$ that s 12-inch
searw‘ight o{ 100 000 candlepower has:an obgerved thw- shold of 4 to:11 miles (average of
6.8 miles) ami 2 24-jnch-searchlight of 100, 000 000 candlepswer has a {hreshold of 9.5 to
19 miles (average »f 14.7 miles) on an 'wor'uge day. At this.point it might be noted tmt the
2-1/2-Kw mercury: xenon beacon-has a cnndiepower of 100, 000, Their comments are that
{or’ s!gmling purposies the candlepower of a, light should be 30 to: 150 times ;,re'xtex thanthat
required fora: l*woqhold range. These values are somewhat more pessimistic'than the
values of 1.7 to 25 found by Dunkelman (36). Remrdlessmf the factor it is worth noting that
Dunkelnan mund experimentally that on an average day, in which the !r'\nsmiqswn was 0.57
per sea mue, the-maxirbam range of the 100,600-candlepower beacon foi-code méssages
sent al 5 to 7 words per minute was 1.7-miles. All of these facts indicate the need for

-génhancing the slgnal-to-noise railo during daylight.

A Brief Histery of Ultraviolet Communications

A few previous experimesite ia ultraviolét communication are described in the following
paragraphs to illustrate $he extent of prior efforts.

Early work lit ihe fleld of ultraviolet communications includes-that of Hulburt at the
Naval Research Laboratory, The-report (37) “Signaliing and Deleclion with Ullea-Violel
and.Infra-Red Radiation” summarizes the work done at NRL from 1926 throubh 1933, The
dltraviolet- -Rignaling system des libed in this report consisted of a 3-Kiv; 30-Inch search-
Heht with fmpr egn'\ted carbors ind an u‘tr’xviolbl filter. Mounted to the side of the search-
Hght and necurately pointed in the'same direction was a teliseope of good Hpit-gathering
power with a screen of fluorescent material in the focal pldae of the ebjective. The ulira-
virlet efffciency of the seyree was less than 0.5 percent and the efficiency of the recelver
ir canverting the ultraviolet to visible Might was iess than 1 percent. With this equipment,
two darkened ships were able to locat » and communicate withceach other at a maxtmum
range of 4 miles. The maximum rs .ze obtained on a clear mght was 6 miles. The lights
were visible at I mile with binoeuluf's.

White (16) was concerned +ith communication by ultraviolet In the reglon where it 13
entirely invisible to the una'¢. d eye. Therefore filters, sources, and recelvers ware devel-
oped primarily for the wavelength region 2500A to 3000A. The ranges which are quoted are
basged on an average day, which he defines as having a visible transmission of 60 percent
per mile and an ultraviolet ransmission (2700A.t0 2900A) of 40 percent per mile,

One system which he deveroped used o gallium source housed in a 6-inch-diameter
reflector with a 25-degree horizd atal and 15- degree vertical beam. With a “G” filter this
source was not visible to the unaided eye mo: e *han a few yards. With a phosphor meta-
Scope as a receiver the range was 1{¢ 2 miles, When a 1P28 multiplier phototube at the
focus of a 10-inch diameter £,/1 mirror was used for receiving, voice communication was
possible ap ta 3 miles. The daylime range was only a few huadred yards because of the
filter required to exclude sun'light from the recelver,
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A low pressure mercury arc lamp was found {o have hetler efficiency at 2537A than
that of the gallium lamp at 2900A. However, due to the-higher, atmospheric attenuation, the
two had about equivalent ranges.

A 400-watt high pressure mercury arc lamp at the focus of a 6-Inch-dicmeter parabolic
mirror was tried with an “A” filter (16), which p2ssed the 3630A and 31304 128, This
could be scen with the unalded eye for some distance. A “B” filter restricted the vatput to
{ho 31304 line, but the light was visible at 1 mile. The range with a matascope was 5 to 10
milesy

Table 11 summarizes some of the systems considered feasible by White, Vacant entries
represent unsatisfactory combinations.

Table 11
Systems Considered Feasible by White (16)
Range for the/ndicated Source (yd)
Reeeiser Time Carbon Arc
‘ 400-watt High.Pressure [50-watt Gallium 65:amp de,,
Mereury Arc Lamp, 2800A | Grid‘Modulated,
6 s e
Phosphar Day ~ 200 -
Metascope Nipght K000 2,000 -
Photemultiplier | Day - - 4,500
2 - 2 field | Night - - 79,000

The Elcon Laboratory, Inc,, under a contract with the Federal Aviauon Agency (38),
insestipated the possibility of providing a collision warning system operating in the ultra-
violet spectrur and having a range of 10 to 15 miles. This system could concelvably be
usied for communication by code,

The aource used {or their axperimental program consisted of a G. E. Type GI5 Ta
15-watt low pressure mexcury lamp with a polished reflector designed to produce a beam
15 toches 30 degrees. The recefver was a 1P28 multiplier phototube mounted in a
reflector with an area of 0.3 m? a=d a field of view of 0.03 radians. The 2536A mercury
Hue way the source of most of the signal. The vatput of the lamp at this wavelength s
gbout 3.6 watts. The lamp was operated fram a 15-¢ps supply, and a 30-cps synchronous
detection system was used at the reretver,

Operation was riatnly at night to avoid large signals {rom a solar background. Con-
siste ¢ reception was achieved over a 2.3-km range as lon,e as the visibility equated ot
excreded 2.3 km. The maximum practical range with this system was concluded to be 2.2
miles with a 15-mile visibility.

Auuther system usiny, mercury Jermtcidal lamps was developed by Nourthwestern
Universny (32 for the Evans Siymal Laboeratory. In this cass an 8-wat! lainp was pulsed

CONFIDENTIAL




CUGNFIDENTIAL NAVAL RESEARCH LABORATORY 35

and amplitude-modulated using a potential of 3300 volts. The peak power was found to be
about 30 kw aad the average power about 3.9 watts. Four-watt and 15-watt lamps were also
pulsed, the 15-watt lamps being somewhat freer from jitter.

A pulse time modulated,light beam communication system was developed by North-
western University for the U. S. Navy (29,49). Tha source for, this sysiem wag » zu5 {illed
tube.developed by Nerthwestern. When the tube wae tilled with aitrogen at 10 iz pressure,
anrd pulse time modulated with 7.5 kv, the output of the band system extended from about
2200A to 5000A. The duration ¢i the flash was about 0.1 microsecond, and the peak of the
eneryey was in the near ultraviolet. The refiector was a 14-fach-ciameter Alzac aluminum
parabolic mirror giving a field of view of 7.5 . The recefver used a 1P21 multiplier photo-
tube at the forus of a 16-inch parabolic. Alzac reflector and bad an optizal beamwidth at
half intensity of 3 degrees horizontal and 8 degrees vertical,

This »* ~“tem was demonstrated in Washington, D. C., with a path length of 5 miles
betweer the Main Navy Building and NRL. The tests were conducted at night using a
Corning No. 9863 {ilter to eliminate mierforence {rom tuneston-fights. Communicatton in
full sunlizht was not possible. The atmuspheric transmission was measured at 5500A-and
extrapolated to 40004 vsing curves from Ref. 41, When tiie hansmission was 0.4 per mile
or better at 40004, notse-{ree transmissions over the S-mile path were possible. Tne
vacuum range of the equipment was 50 miles.

It should be noted that none of these systeins were reported to have good daylight
capabilities,

In the Elcon experb.ents and one of the Northwestern University equipments standard
low pressure (germicidal) mercury sre lamps were used. These are highly efflsient uilrie
violet lamps in that virtually all the radiation is al one wavelength, 2536.5A, Unforwunately
tnis 18 also very close to the peak absorption of ozone.

In order to evaluate the losses due to atmospheric absorption by ozone and oxygen and
Ravleigh scattering the data shown in Table {2 were tabulated ai wavglengths of 25364,
29504, 360VA, and 546G0A from Figs. 1 and 2, These wavclengths were selected for the
fal’ wwing reasons: 253647 is the wavelength of maximum output from a lew pressure
mercury arce, 29504 is the approxamate cutoff {or solar radiation, 36004 in the near ulira-
vivlet was picked at random, and 5460A is a visible line emitted by a mercury arc lamp.

Frem Table 12 it is seen that {n a pure atmosphere the int-nsity of a source radiating
at 2546A 18 redured by a factor ot 5.28 = 107, whereas one at 54604 is reduced but 1,24
tumes at 10 miles. In a real atmosphere the attenuation is much greater and less selective
with wavelenyth. This is borne out by the measurements of Dunkelman (7), shown also in
the tible. The data for-scattering by -(og cover unly the region from 2900A to 4500A; how-
ever th¢ atienuation is virtually constant over a wide ranye of wavelenghts.

From Table 12 it §s concluded thit a seurce which radiates mainly at 2536A is updesir-
able berause of the high absorption by ozone. From the viewnoint of ahsarption by gases
the 1nterval 3500A ta 4000A appears to offer least attenuation, but ir a real atmosphere
experimental results show that scatteriny by haze and fog are the dominant sources of
atteruation and the selectivn of a ~best region”™ may be less critical than one might suspect.

The nitrogen Nitled Lamps and accompanying circuits developed at Northwestern
Uriversity and WRL would appear to be the most pronusing sources far an uitraviolet
svstem, sinve o large percentage of the output 15 1n the middle and near ultravi~iet regon.
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Selection of Components for a
Communication System

For inftial work the 100C-watt mercury-xenon arc is a good source Lecause it has
fairly good output in the region 2500A to 2200A (about 12.8 watts) and is convenient (o use.

For daylight operation a narrow-band interference filter can be used af the vctegtor
to exclude solar radiation. According to the manufacturer’s data, an ail-dielectric inter-
ference filier Is available peakeu at 2800A (or above) with a half-power bandwidih of 100A
aud a transmission of 20 to 40 percent. This filter would stil) have.some transmission at .
2050A; however preliminary experiments indicate that daylight operation is feasible.with ' ¢
some solar radiation presenl. Another method for greatly reducing the. amouut of solar
radiatfon at the detector is by use of a dichroie mirror which.reflects ullraviolet and trans-
mits-visible radiation,

The encouraging results obtained with nitrogen filled tubes indicate the need for further
valualion of such sources,

The sfgnal-to-nolse ratfo of the system can be further increased by the use of pulsed
sources. Keene and Richardson (30) have shown thatione might expect « pulsed volce system
to have a gignal-to-rolse ratlo 32 times that-of a ew system and a code system using a
pulsed sorce to have a slgnal-to-noise ratio 100 times that of a cw system, for equal >
fverage powers.

Detectors

Assuming that the best signal-to-noise ratio and a high sensi(ivity are desired, the
most suitable detector s i multiplier phototube, If the detector must measure radiation in
absolute unite without {requent calibration a diode phototube will be more satisfactory.
Gtherwise a multiplier phototube Is more desirable because of its high gain and low nolsc
lovel,

Since the mator problem is to detect a sousce during the daytime, it would be highly
desirable to have a photocathode which .8 sensitive to long wavelengih vitraviolet, yet is
insensitive Lo solar radiation which would tend to saturate it, 3Such tubes are available but,
as.explained in Ref. 22, have some respunse to solar radiation. These tubes are still undet
development and wre relatively expensive as compared to uther types. Therefore, it 1s
probably more desirable to select another type, ustig the cutves shown in Fig. 14. A photo-
sens'tive cathode with 8-5 response will provide adequale sensitivity in the middle and near
ultraviolet reglons,

Electrical Circuits
No mention bas heen made of the ¢icotrical and electronic circuits, since these involve

techuiques which are well known and will »ary ac -ording to the application of the detected
siymal.

\ —

In most cases the source will be operated {rom a 60-cps pewer supply, 80 that the
radiated energy will consist of 120-cps pulses. U communication by unly code is anticipated; 3
an anplifier synchronously tuned to 120 ¢ps and havaig a fairly rat tow bandwidth shous ve
used. Hawever, {f pulsed sources are uscd, 2 wide-band system is required.
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Circurtry used in obtaining experimental datd will be included in a following report.

Component Development

There are several areas whkore an {improvemsul in components, if of sunaicant mag-
nltude, would resulf in greatly improved performance of an ulfraviolet cummumeations
system. .

The available sources have been shown to have output in the uliraviolet, visible, and
infraved regions, In most cases the uliraviolet output at the desired wavelengths is a very
small-percentage of the total ovtnut, The only-exception considered here was the low pres-
sure mercury arc. It has a low average pawor capability, and the maximum output at 2536A
is too greatly attenuated by the atmosphere to be highly useful,

Tne uliraviolet filters which are available have a maximum of 46-pexrcent trangmission
and usually less. The attenuation outside the desired bands I8 not great enough to exclude
tnterference from golar radiation,

Photoelectric cells are sensitive to a very wide spectral regic:; ana therefore maxtmum
usescannot be made of their capabilities during daylight operation, “Solar blind” cells have
not yet reached a state of develgpment where they are completely solar biind.

CONCLUDING REMARKS

An examination of theoretical ané experimental atmospheric transmisaion data leads
to the conclusion that the region or some portion of the region between 2800A and 4000A 1s
the most promising portion of the ultraviolet spectrum for communications systems using
presently avallable components.

An mvestigation of other types of sources such as lagers and plasma ares and other
regions ¢f the spectrum are authorized under this Task Order but are not considered in
Ails report,

From preliminary field tests, daylight operation using a mercury-xenon arc, xenon are,
or nitrogen gas discharge as a source and a puotudetector with a narrow-band fiiter appears
feasible. A pulsed source with high peah power output will provide a betler signal-to-notse
ratio.
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Naval Research Laboratory

Technical Library
Research Reports & Bibliography Unit

To: Larry Downing, DTIC

From: Darlene DeMarr, Code 5596.3

Date: 9/17/2007

Subject: Change in Classification & Distribution Statement

Please change the classifications & distribution statement on the following documents to

Unclassified/Unlimited Distribution:

ADC954564 (NRL-3703-PT-1) Declassified with no restrictions 9/11/1996

AD0348828 (NRL-6066)
AD0348901 (NRL-6037)
AD0352827 (NRL-6117)
AD0361630 (NRL-6247)
AD0377010 (NRL-6476)
AD0377011 (NRL-6485)
AD0377242 (NRL-6479)
AD0379058 (NRL-6508)
AD0379893 (NRL-6507)
AD0346383 (NRL-6015)
AD0349268 (NRL-6079)
AD0355651 (NRL-6198)
AD0368068 (NRL-6371)

Thank you,

Declassified with no restrictions 9/30/1996
Declassified with no restrictions 12/3/1996
Declassified with no restrictions 1/25/1996
Declassified with no restrictions 1/7/1997

Declassified with no restrictions 1/29/1997
Declassified with no restrictions 1/29/1997
Declassified with no restrictions 1/29/1997
Déclassiﬁed with no restrictions 1/29/1997
Declassified with no restrictions 1/29/1997
Declassified with no restrictions 1/29/1997
Declassified with no restrictions 1/29/1997
Declassified with no restrictions 1/29/1997
Declassified with no restrictions 1/29/1997

2 cleas e

Darlene DeMarr
(202) 767-7381
demarr@nri.navy.mil



